ABSTRACT: The relaxational dynamics in metallic glasses (MGs) is investigated by using mechanical spectroscopy. The spectra show that in MGs there are two relaxations: (i) the α relaxation, linked to the glass transition, as observed in other classes of amorphous materials; and (ii) the β relaxation, well observed below the glass transition, with an intensity strongly dependent on the MG composition, the nature of which has been linked to the local microstructure of MGs. For the investigated MGs we find that the intensity and relaxation time of the β relaxation depends, in a reproducible fashion, on the thermal history of the samples. During aging experiments, the intensity decreases (as well as the τ β ) with a time dependence described well by a stretched exponential, with an exponent β aging independent of the driving frequency. Moreover, we find that the activation energy U β and the peak temperature T βp of the β relaxation follow the approximate relationship: U β ≈ 31.5RT βp (for driving frequency 1 Hz), indicating that the high temperature limit of the peak frequency is approximately the same for all the MGs investigated. Finally, the frequency separation of the α and β processes in the mechanical loss spectra for La-and Pd-based metallic glasses is tested against the prediction of the Coupling Model.
INTRODUCTION
A fundamental aspect of the physics of the glass transition for all different types of amorphous materials (i.e., amorphous polymers, glassy oxides, and metallic glasses) is the study of the dependence of the material dynamics properties on the thermodynamic variables. 1, 2 The dynamical properties are generally measured studying the relaxation behavior with techniques like dielectric and mechanical spectroscopy. 3−9 In the spectra are generally observed at least two relaxations: (i) the α relaxation, observed above the glass transition temperature, is a universal feature of all the amorphous materials and is attributed to the cooperative motion of the molecules; (ii) the β relaxation, sometimes called Johari−Goldstein (JG) relaxation, is detected at lower temperature (or higher frequency domain), and is often much smaller than the α-process and not always evident in all amorphous materials.
10− 14 The β relaxation is considered a universal feature of amorphous polymers, with the temperature dependence of its peak frequency described below T g by an Arrhenius law. 2 The nature of the β relaxation in polymers is attributed to local noncooperative motions of the polymer segments for JG-type relaxations, while secondary relaxation associated with the side group motion is generally considered non-JG relaxation. 10 Moreover, the β relaxation is connected to the plasticity in amorphous polymers. Indeed, many polymers present a large plastic deformation between T βp (temperature corresponding to the β relaxation) and T α (temperature corresponding to the α relaxation). 15, 16 An empirical relationship between the activation energy of the β relaxation U β and glass transition temperature T g in amorphous polymers was established as U β = (26 ± 2) RT g (R is gas constant). 17 In amorphous materials, as the JG relaxation occurs before the α process it is often considered as its noncooperative precursor. 17, 18 Unlike the β relaxation, the temperature dependence of the α relaxation peak frequency shows a behavior that cannot be described with an Arrhenius equation, characterized by an activation energy increasing with decreasing temperature that can be described by a Vogel−Fulcher−Tamman (VFT)-type behavior. 2 Metallic glasses, due to their more recent development, have been investigated much less than other types of glasses. Thanks to their metallic nature and the lack of a crystalline lattice, grain boundaries, and dislocations metallic glasses exhibit a series of unique physical and mechanical properties, such as large elastic deformation, high strength, and excellent corrosion resistance. 19−23 The dynamics of the atomic rearrangements in metallic glasses is generally studied using mechanical relaxation. Unlike the case of amorphous polymers, only for some families of metallic glasses is a well separated β relaxation evident. A pronounced β relaxation was observed in Pd-based, 24 Labased, 13,25−28 and Nd-based 29 metallic glasses. In the cases in which a well resolved β relaxation is not observed, it is present only as a shoulder on the low temperature (or high frequency) side of the α relaxation spectra. This process is often called the "excess wing". Examples of the spectra for few families of MGs are reported by Figure 1 .
Based on the mechanical relaxation results, it was found by several authors that the β relaxation is connected to the physical and mechanical properties in metallic glasses: (i) the β relaxation, when it exists, is connected with the plastic deformation in La-based metallic glass; 27 (ii) the activation energy U β of the β relaxation in metallic glasses is related to the potential energy barriers of the shear transformation zones (STZs) W STZ : U β ≈ 26 (±2) RT g ≈ W STZ ; 32 (iii) the β relaxation is linked to the diffusion motion of the smallest constituent atom in metallic glasses (i.e., Zr-and Pd-based metallic glasses); 26 (iv) the β relaxation depends on the chemical interactions among all the constituting atoms. 33 However, no obvious correlation between the existence of the β relaxation and the compressive plasticity has been observed in La 62 Al 14 (Cu 5/6 Ag 1/6 ) 14 Ni 5 Co 5 bulk metallic glass at room temperature.
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The β relaxation has been attributed to structural heterogeneity in metallic glasses and is linked to local movements of "weak spots" or "soft zones" (i.e., free volume, flow defects, or quasi-point defects, 35−37 liquid-like sites, 38, 39 weakly bonded zones, 40 ,41 loose packing regions 42 ). The presence of structural heterogeneity in nano-or microscale domain has been verified in metallic glasses by transmission electron microscopy (TEM) and simulation method. 43−45 Unfortunately, the precise physical nature of the β relaxation is still far from being understood.
As we discussed above, by contrast with the conventional alloys, metallic glasses present liquid-like disorder features due to the absence of long-range order. The deformation mechanisms of the traditional metals, i.e., propagation of dislocations, are not observed in metallic glasses.
Many models or phenomenological theories have been proposed to describe the physical and mechanical properties of amorphous materials. The free volume theory was employed with some success to explain the properties of many glassy materials. 46, 47 However, this theory fails to analyze physical and mechanical properties at microscopic or atomistic level. Other alternative approaches introduced the concept of "defects". It was envisioned that the structural and mechanical properties of the glassy materials are strongly dependent on these "defects". These "defects" correspond to fluctuations of density, entropy, or energy at atomistic or molecular level. A microscopic model of topological fluctuations was developed by Egami. 38, 39 The architecture of these local minima of the potential energy can be described by the potential energy landscape (PEL) concept, initially proposed by De Benedetti and Stillinger. 48−51 This concept of defects is closely related to the physical behavior (i.e., relaxation mode) and mechanical properties (i.e., plasticity) of amorphous materials. In addition, the concept of shear transformation zones (STZs) was introduced by Argon et al. 52, 53 This is quite similar to the concept of "micro shear domains (MSDs)" proposed by Perez et al. to model the mechanical and physical properties in polymers and also in metallic glasses. 35−37 Taking the PEL theory and STZs model, cooperative shear mode was developed by Johnson et al. to evaluate the Newtonian as well as non-Newtonian behavior in metallic glasses. 54, 55 The behavior of the glass transition, mechanical deformation, and structural relaxation in metallic glasses can be described well by these theories.
In the current work, we use mechanical spectroscopy to investigate the mechanical relaxation (α and β relaxations) in several typical bulk metallic glasses in isochronal route as well as isothermal mode. We investigated the dependence of the mechanical relaxation on the physical aging to study the evolution of the localized atomic mobility with the physical aging. The contribution of the α and β relaxations in mechanical loss spectra in La-and Pd-based metallic glasses is discussed in terms of the Coupling Model. 2 90 Al 10 ] (the nominal compositions in the current work are in atomic percent) due to their different relaxation behaviors, excellent glass-forming ability (GFA), and special thermal properties. The amorphous nature of the bulk metallic glasses was confirmed by using a commercial X-ray diffractometer (XRD) (D8, Bruker AXS Gmbh, Germany with copper K α radiation). Differential scanning calorimetry (DSC) (Perkin-Elmer, DSC-7 under high purity dry nitrogen) was used to investigate the thermal properties of the metallic glasses. The dynamic shear measurements of different bulk metallic glasses were studied by mechanical spectroscopy [also called dynamic mechanical analysis (DMA)] with an inverted forced oscillation pendulum described by Etienne et al. 56 Experiments were performed using a sinusoidal stress, either at a fixed temperature and a frequency ranges from 10 −4 to 1 Hz or during continuous heating with a constant heating rate of 3 K/min and a constant frequency. Experimental samples, with the dimensions of 30 mm (length) × 2 mm (width) × 1 mm (thickness), were polished carefully using diamond paste to rule out surface oxidation. All the experimental tests were carried out in a high vacuum atmosphere. A periodic shear stress was applied and the corresponding strain can be obtained. Thus, the complex shear modulus (G = G′ + iG″) was measured and then storage (G′) and loss (G″) dynamic shear modulus were calculated. Loss factor tan δ = G″/G′ was also determined. Figure 2 displays the dynamic mechanical curves in Pd 40 Ni 10 Cu 30 P 20 bulk metallic glass, obtained at a fixed driving frequency (0.3 Hz) and changing the temperature at a constant heating rate (3 K/min). G u corresponds to the value of the unrelaxed modulus, i.e., the value of the shear modulus at low temperature. Like for other metallic glasses, in the curve in Figure 2 three temperature ranges are evident, represented in the three distinct colors. Region (I): At low temperature the material is in the amorphous state. G′ is high and nearly constant and the viscoelastic component G″ is very low (close to zero GPa), so the behavior is mainly elastic in this domain. It should be noted that a fairly pronounced β relaxation is observed around 500 K. Region (II): Maximum of G″ occurs at a temperature called T α , which corresponds to the temperature at which the peak frequency of α relaxation is equal to the driving frequency (0.3 Hz in this case). This relaxation is related to the dynamic glass transition. A decrease of G′ occurs as the temperature increases. This temperature range is associated with the supercooled liquid region (SLR) for metallic glasses. Region (III): Both storage modulus G′ and loss modulus G″ increase drastically as temperature increases due to the occurrence of the crystallization. Figure 3 shows the temperature dependence of the normalized loss modulus G″/G u in typical La-based (La 57 while for La 57.5 Al 17.5 Cu 12.5 Ni 12.5 the β relaxation is more hidden in the low temperature flank of the α-relaxation. In the literature, β relaxation has been recently correlated to the existence of "soft" region in metallic glasses, corresponding to structural heterogeneities. 13, 27, 28 In these regions, movements of atoms are facile and consequently the activation of shear transformation zones (STZs) is enhanced. In addition, nucleation of multiple shear bands in these "soft" domains is responsible for the plasticity of metallic glasses. On the other hand, the resistance in "hard" domains impedes propagation of shear bands during the deformation process. 43 Thus, the difference in the β relaxation evident in the isochronal curves in Figure 3 suggests that the degree of separation in frequency of the two relaxations depends on the difference in the dynamic properties between hard and soft regions more than on the relative amounts of "soft" or "hard" regions. Differences in the mobility of La atoms and the rest of the smaller transition metal components or fluctuations in chemical composition may also be responsible for such differences in the relaxation scenario.
EXPERIMENTAL SECTION
The apparent activation energy of the β relaxation in amorphous materials can be calculated from the Arrhenius equation: f = f ∞ exp(−U β /RT), where R is gas constant, and f ∞ is prefactor expressing the high T limit. Like for organic glassformers, for a number of metallic glasses, it has been found that U β and T g satisfy the relation: U β ≈ 26(±2)RT g .
27,32 Moreover, we observe a linear relation between the peak temperatures T βp of the β relaxation and its activation energy U β , consistent with a linear increase in U β with increasing T βp (inset of Figure 3 ). Thus, a higher activation energy is required to activate local atomic motions in alloys with a higher T βp in metallic glasses. In particular, we found 27,28 U β ≈ 33(±1)RT βp . Interestingly, the value in metallic glasses is in good agreement with that reported in amorphous polymers, where U β ≈ 31.5RT βp (with a driving frequency of 1 Hz). This relation between U β and the peak temperatures T βp of β relaxation indicates that the high T limit, f max , is approximately the same for all the MGs considered, with f max ≈ 2 × 10 14 Hz. Here, we investigate the possible common physical origin of the β relaxation in polymers and metallic glasses. With the help of the quasi-point defects theory based on a major assumption that density (enthalpy or entropy) fluctuation in amorphous materials corresponds to the quasi-point defects, the global characteristic time of the movement of the atoms or molecules can be described by 
τ mol corresponds to the mean duration of the movement of a structural unit over a distance equal to its dimension, t 0 is a time scale parameter, χ is a correlation factor, varying from 0 (fully constrained state) to 1 (constrained-free state). τ s is the mean time of the thermally activated jump of a structural unit and is given by Arrhenius law
where τ ∞ is a high temperature limit, U s is the activation energy, and R the gas constant.
The correlation factor χ is linked to the quasi-point defect concentration. χ = 0: maximum order, corresponds to a perfect crystal, any movement of a structural unit requires the motion of all other units. χ = 1: maximum disorder, all the movements are independent of each other. The correlation factor χ is closely connected to the concentration of quasi-point defect and the atomic mobility in amorphous materials. In view of eq 2, the driving frequency was fixed, i.e., 1 Hz, and t 0 =10 −13 − 10 −12 s in the metallic glasses and amorphous polymers. Thus, the behavior of the structural unit movement is very similar to what is observed for the β relaxation, and it can be assumed that τ s ∼ τ β and U s ∼ U β . Interestingly, some phenomenogical behavior like the dependence of the activation energy, U β , for the β relaxation in metallic glasses is similar to that observed in amorphous materials (inset of Figure 3) .
Another model often used to interpret the mechanical relaxation behavior of amorphous materials is the Coupling Model (CM) proposed by Ngai et al. 2 The CM is focused on the many-body nature of the α relaxation in amorphous materials. As a consequence of the heterogeneous dynamics of amorphous materials, the cooperative α relaxation is described by a Kohlrausch stretched exponent function where n is the coupling parameter of the coupling model and n ranges from 0 to 1. τ 0 is the primitive relaxation time and t c (∼1 ps) is the temperature insensitive crossover time from exponential to stretched exponential relaxation. The larger is the coupling parameter n, the higher is the degree of cooperativity of the dynamics in amorphous materials. Interestingly, if we compare the predictions of the quasipoint defects theory (eq 1) and the Coupling Model (eqs 3 and 4), we obtain:
1 − n is the Kohlrausch exponent for which the value is between 0 and 1, reflecting the deviation from the Debye distribution. Therefore, the predictions of the Coupling Model (CM) and quasi-point defects (QPDs) theory are formally similar.
3.2. Reversibility and Stability of the β Relaxation: Case of La 60 Ni 15 Al 25 Metallic Glasses. When amorphous materials are cooled below their glass transition they are "frozen" in a out of equilibrium state. Different thermodynamical paths used to induce the glass transition result in glasses with different enthalpy and entropy. Annealing below T g induces physical aging, i.e., structural relaxation toward the thermodynamic equilibrium state.
The structural relaxation can be followed using the evolution of the loss factor (tan δ)). In such a scenario, the parameter Δ varied with aging time, t a , by dynamic mechanical analysis experiments: 57 
where A is the maximum magnitude of the relaxation (= tan δ(t a → ∞) − tan δ(t a = 0)). It may be observed that (i) aging leads to a strong decrease in tan δ in La 60 Ni 15 Al 25 bulk metallic glass and (ii) the "plateau" value is higher the lower the driving frequency. This is reasonable since the lower frequency is linked to a lower value of the T α , and it also corresponds to higher loss factor tan δ. Figure 4 (b) provides information between ln(ln(−Δ)) and ln(t a ) for La 60 Ni 15 Al 25 bulk metallic glass (annealing temperature is 450 K). According to eq 7 a linear relationship is observed between ln(ln(−Δ)) and ln(t a ) from which the values of the Kohlrausch exponent β aging is found to be around 0.5 for all curves, implying that the stretching exponent β aging is independent of the driving frequency at a given aging temperature. In the current study, the annealing temperature is around the glass transition temperature T g . Previously, we found that the stretching exponent β aging is not sensitive to the aging temperature. 57 We also investigated the influence of physical aging and crystallization on the features of the β relaxation in La 60 Ni 15 Al 25 metallic glass. Figure 5 presents the evolution of α and β relaxations during successive continuous heating processes in the La 60 Ni 15 Al 25 metallic glass (Heating rate: 3 K/min and frequency: 0.3 Hz). The first heating (heating up to a temperature above T g , T g = 461 K for La 60 Ni 15 Al 25 metallic glass) erases the previous thermal history. Therefore, curve 2 corresponds to an out of equilibrium glass obtained by cooling at 3 K/min, while curve 1 is relative to an out of equilibrium state obtained when casting the sample. Curve 2 corresponds to a more stable state that is closer to equilibrium than curve 1. Aging leads to a decrease in the viscoelastic component, i.e., to a decrease in the atomic mobility. This evolution can be attributed to a progressive decrease in the defect concentration. Further heating up to 430 K does not induce any change, since T is still below the glass transition: the relaxed state is metastable, and then no structural evolution is induced by heating since the structural relaxation time is much longer than the time of measurement. The features of the β relaxation are stable, indicating therefore that this relaxation corresponds to a reversible phenomenon. Similar experimental results have been observed in the previous investigation in Pd 40 Ni 10 Cu 30 P 20 metallic glass. Heating to a temperature much higher than T g leads to a crystallization of the specimen curve 4. In a crystalline 40 Ni 10 Cu 30 P 20 log(τ α ) = 0.67, β KWW = 0.54, ΔG α /G″ max = 0.7, log(τ β ) = −3.9, ΔG β /G″ max = 0.13; a = 0.56, b = 1. The arrow is the τ 0 of the CM calculated using these parameters. In the inset is the log (τ) from the best fit of the isothermal spectra. The symbol × is the extrapolated τ β at the τ α of the master curve in the main figure; this value is much smaller than the τ β from the fit of the master curve. These results show that the separation between α and β processes is much smaller if determined from the isothermal data than if determined from the master curve.
The Journal of Physical Chemistry B In order to analyze in more detail the influence of crystallization, annealing has been performed at a given temperature above T g (510 K) but during various annealing times (see the Figure 6 ). Formation of crystalline particles induces a progressive increase of the elastic component of the shear modulus (G′), and a progressive decrease in the viscoelastic component (G″), especially a decrease in the magnitude of the β relaxation. Formation of particles with a long-range order limits the atomic mobility and the degree of heterogeneity in the alloy causing the observed decrease in the magnitude of the mechanical relaxations.
3.3. Master Curves in Metallic Glasses. 3.3.1. Influence of Frequency: β Relaxation (Case of La-Based Metallic Glasses). To study the mechanical β relaxation in metallic glasses, it is important to consider the influence of the testing frequency on the isothermal spectra of the β relaxation. Labased metallic glasses spectra show a well resolved β-relaxation. By increasing the temperature, the peak frequency of the β process in the loss modulus increases. The speeding up of the β process by increasing the temperature indicates a higher atomic mobility in soft domains at higher temperature. In agreement with the QPD model (eq 2) the temperature dependence of the peak frequency of the β relaxation exhibits Arrhenius-type relationship. In Figure 7 are shown the normalized loss modulus isothermal spectra G″/G u of La 60 Ni 15 Al 25 and La 68.5 Ni 16 Al 14 Co 1.5 bulk metallic glasses below T g . The peak frequency obtained for the spectra are reported in the Arrhenius plots in Figure 7 (c). The activation energies (U β ∼1 eV) are in good agreement with the empirical correlation between U β and the glass transition temperature T g : U β ≈ 26(±2)RT g . 27, 32 3.3.2. Influence of Frequency: α Relaxation. In Figure 8 (a) are reported the isothermal loss modulus G″/G u spectra at different temperatures for La 60 Ni 15 Al 25 bulk metallic glass. With decreasing temperature the peak frequency of the α-peak in the loss modulus G″ decreases. With the assumption of the time− temperature superposition principle, a master curve can be plotted for the loss modulus G″/G u in Pd 40 Ni 10 Cu 30 P 20 and La 60 Ni 15 Al 25 bulk metallic glasses in a large frequency domain (Figure 8(b) ).
The Cole−Cole representation, G″ versus G′, can also be used to describe the mechanical relaxation behavior in amorphous materials (Figure 9) . A single semicircle would correspond to a Debye-like process, an asymmetric arc to a KWW-like process, and multiple arcs to multiple processes. The Cole−Cole plot for the La 60 Ni 15 Al 25 bulk metallic glasses shows a pronounced inflection corresponding to a well separated β relaxation, while the Pd 40 Ni 10 Cu 30 P 20 metallic glass exhibits a pronounced shoulder in the range 0.6 < G′/G u < 1, which is associated with an "excess wing". In Zn 38 Mg 12 Ca 32 Yb 18 bulk metallic glass, the Cole−Cole diagram displays a nearly symmetrical semicircle and the β relaxation is not detected in the current study.
3.4. Analysis of the Mechanical Relaxation in Metallic Glasses. In previous publications we have shown that the Debye model fails to describe the α relaxation in metallic glasses. 59−61 The loss modulus spectra can be described by the superposition of the Kohlrausch−Williams−Watts (KWW) relaxation function for the α relaxation and the Havriliak− Negami (HN) equation for the β process. 62, 63 ω ϕ τ ωτ
. β KWW is the Kohlrausch exponent of value between 0 and 1, reflecting the deviation from the Debye distribution. ΔG α and ΔG β are the relaxation strength of the α relaxation and β relaxation, respectively; L iω is the Laplace transform. The parameters a and b are the shape parameters with values generally between 0 and 1; the case b = 1 corresponds to the Cole−Cole equation which is often found to describe the β processes well which have very broad and approximately symmetric spectra. Figure 10 shows the master curve of the loss modulus G″/G u fitted by the eq 8 in La 60 Ni 15 Al 25 and Pd 40 Ni 10 Cu 30 P 20 bulk metallic glasses; the best fit parameters are in the caption. In the cases, of La 60 Ni 15 Al 25 metallic glasses, the Kohlrausch exponents β KWW = 0.44, which is quite close to the value of the β aging found in the aging experiment for the same material. Using eq 8 (with ΔG β = 0) to fit the isothermal spectra of the α relaxation we found β KWW = 0.48−0.49.
Within the framework of the Coupling Model (eq 4), if it is assumed that the β relaxation time is about the primitive relaxation time, τ β ∼ τ 0 , the CM can be used to predict the separation between τ α and τ β as
where the coupling parameter n = 1 − β KWW . The peak frequencies calculated using eq 9 ( f peak = 1/2πτ max ) with the best fit parameters to the master curves are reported in Figure  10 as arrows. In both cases the arrows are quite close to the peak frequency of the β process. On the other hand, the limit of the validity of using the master curves for this analysis needs to be considered. In fact the construction of the master curve assumes that the shape of the spectra is independent of temperature. When a spectrum consists of the superposition of two processes (like herein), then even if the shape and intensity of each process does not change with temperature but the two processes have very different temperature dependences, it is unavoidable that the spectra given by the superposition of these two processes will have a different shape at different temperatures. For these reasons we best fitted the isothermal spectra of the α and β (Figure 8 ) processes and compared the separation of the relaxation times from the isothermal measurements with that from the master curve (τ α and τ β are in the inset to Figure 10 ). In the analysis of the isothermal spectra we considered only the spectra in which a peak maximum was present. Since the two processes are well separated in frequency (over 5 decades, see inset to Figure 10 ) the superposition is limited, and we could fit the spectra with a single relaxation function (a KKW function for the α relaxation and a Cole−Cole function for the β relaxation). The available frequency range evidently poses some limit to this type of analysis; however, we find that the separation between the α and β processes in these cases is several orders of magnitude smaller than what is predicted from the CM.
CONCLUSIONS
Mechanical spectroscopy was employed to study the mechanical relaxation in typical metallic glasses. In the spectra of all metallic glasses two relaxation processes are evident: (i) a more prominent α relaxation with a VFT-like temperature behavior analogous to that found in other classes of amorphous materials and (ii) a faster β relaxation, for which the magnitude and frequency separation from the α depends strongly on the composition of the metallic glasses. We found that both intensity and relaxation time of the β process in the glassy state are strongly dependent, in a reproducible fashion, on the thermal history of the sample. When the MGs is formed by a faster quenching, the β process has a larger intensity and relaxation time. Then during aging below T g both the intensity and the relaxation time of the β process decrease with aging time. The temperature dependence of the τ β in the glassy state is well described by an Arrhenius behavior, with an activation energy U β . Like for organic glass formers, the ratio U β /RT g ∼ 24. Moreover, it has been found that the activation energy U β and the peak temperatures T βp of the β relaxation are related as U β ≈ 31.5RT βp (for a driving frequency 1 Hz), indicating that the high T limit, f max , is approximately the same for all the MG considered.
The master curves of the loss modulus evidence the contribution of the α and β relaxations to the mechanical spectra. The master curves were fitted as a superposition of two relaxation functions. We find that the difference between τ α and τ β from the best fit parameters of the master curves is in reasonable agreement with the prediction of the Coupling Model; however, we do not find a good agreement with the Coupling Model from the best fit of the isothermal spectra. Further studies with a more extended frequency range will help to better clarify this point. 
